Abstract: Ionic liquids (ILs) are considered to be green solvents for various applications. However, their synthesis via chemical reaction with by-products or waste produced is contradictory to the concept of green chemistry, and the purity problem and economic feasibility limit their applications in some large-scale industrial applications.
Introduction
Ionic liquids (ILs) have attracted great interest as environmentally responsible designer solvents compared to the volatile organics because of their featured properties like high viscosity, low vapor pressure and thermal stability [1] . However, the synthesis of ILs by chemical reaction has high requirements with regard to temperature and pressure, needs reaction media, generates by-product and wastes, which makes them hardly to be called as green solvents from the view of synthesis and processing [2] . Furthermore, although some ILs might have good performance in lab-scale applications, their high prices limit their applications in large-scale industrial applications [3] .
It has been more than a decade since the introduction of the term deep eutectic solvent (DES) [4] , but it has become a hot topic only since the last few years. DES is usually formed between halide salts and hydrogen bond donors (e.g. alcohol, acid) leading to a mixture with lower freezing/melting point than the single components. Therefore, DES is sometimes called low-transition-temperature mixtures (LTTMs) [5] . DES has physiochemical properties similar to the common ILs, so it is considered as an alternative for ILs [2] . Scientist have utilized DESs in a similar way to ILs in many applications [6, 7] . Compared with IL, DES has certain advantages like simple preparation, better economic feasibility and low toxicity [8] , which make it more suitable for the large-scale industrial applications. With the concept of DES, researchers have successfully utilized it for applications in the area of separation processes [9] [10] [11] [12] , nanomaterials [13] , electrochemistry [14] , polymer science [15, 16] , bioengineering [17] [18] [19] , and organic synthesis [20] [21] [22] . DES is playing an increasingly important role in green chemistry and processing [23, 24] . Extensive experiments are ongoing to study the properties of novel synthesized DES [25] [26] [27] , and they have provided solid foundation for the potential applications which can take advantages of both ILs and DES.
One property of ILs that contributes to the diversity of IL functions is the designable property of ILs by combining different cations and anions; it can also be applied to DES [28] . Thus DES is also designable by changing one or both the components or some functional groups in the components to achieve the desired function [29] . The conventional DES is formed from two single components, and is of binary deep eutectic solvent (BDES). Compared with the traditional BDES, the introduction of a third component in the ternary deep eutectic solvent (TDES) further enhanced the designable property. To date, TDES has been synthesized and applied for various applications [30] [31] [32] . The emergence of the terms DES-based IL [33] or IL-based DES [34] indicated researchers' expectation that the combined properties of ILs and DES are in need. ILs are defined as the molten salts with melting points below 100°C, so some salts do not come under the category of IL because of their high melting points despite the similar structures [35] . 1-Butyl-1-methylpyrrolidinium bromide ([bmpy] [Br]) is an example, which could be transferred to be IL by an anion exchange reaction [36] . A dilemma comes to this kind of salts: if changing the anion, it is easy to bring the purity problem because of the chemical reaction; if retaining the anion, the solid state of the salt limits the applications like IL. One of the advantages of preparing DES is to lower the freezing/melting point of the single component, further eliminating the dilemma of some ILs referred earlier. Furthermore, the IL-DES ionic fluids provide tunable moieties as ILs, and can also provide tunable property possibilities. Synthesizing the molten salt into DES will not only expand avenues for the applications of DES, but also provide more opportunities for both IL and DES development.
In this study, we focused on the pyrrolidinium molten salt [bmpy] [Br] . The synthesis of DES usually starts with salt with quaternary ammonium cation and halide anion interacting with hydrogen bond donors. The structure of the pyrrolidinium ring (Figure 1 ) could be regarded as a quaternary ammonium structure with two side chains connected, which is similar to the precursor of a DES. Glycerol (Gly) is a commonly used renewable solvent in a variety of applications [37] , and is also a commonly used hydrogen bond donor for DES preparations [38] . Compared with other widely studied IL categories like imidazolium ILs, pyrrolidinium ILs usually have lower viscosity and less toxicity [39] , which enables the [bmpy] [Br] based IL-DES ionic fluids to have more potential combined properties of ILs and DES. In this study, the tested thermal properties of ionic fluids are useful in the settings of process operation conditions, while the measured physical properties are useful for the design of the contacting equipment and modeling of the process [31] .
Materials and methods

Reagents and materials
Choline chloride (ChCl, >99%) was purchased from Chem-Impex International Inc. (Wood Dale, USA). Glycerol (Gly, >99.5%), 1-bromobutane (99%), 1-methylpyrrolidine (≥98%) and diethyl ether (≥99.7%) were purchased from Sigma-Aldrich (St. Louis, USA). All chemicals were used as purchased. ([bmpy] [Br]) was synthesized by using the previously reported method [36] . In short, 1-bromobutane was added into 1-methylpyrrolidine to react for 1 day in cooling bath, purified with diethyl ether and water, and decolorized with charcoal. After lyophilization, pure white solid of 
Synthesis and preparation protocols
Instrumentation
Thermal analysis was conducted with thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). TGA was performed using a model TGA Q500 (TA Instruments, Inc., New Castle, USA) at a ramping rate of 10°C min −1 from room temperature to 600°C under nitrogen. DSC was performed using a model DSC Q20 (TA Instruments, Inc., New Castle, USA) at a ramping rate of 2°C min −1 under nitrogen. Viscosities at different temperature were obtained using a Brookfield DV-III Ultra Programmable Rheometer with Spindle CPE-42 (AMETEK Brookfield, Middleboro, USA) and equipped with a Fisher Scientific Isotemp ® temperature bath (Thermo Fisher Scientific, Waltham, USA). Densities were measured at room temperature (22°C) by weighing in a standard 2.0 cm −3 specific gravity bottle. At least three readings were collected for analysis.
Results and discussion
For the synthesis process of either the BDES or TDES in this study, it is notable that no chemical reaction media or solvent was needed, no by-product was generated, and no purification step was required. The synthesis process was simply heating and mixing. As the heating temperature was not high (80°C), and the mixing time was short (~20 min), the process was very energy saving. The whole process was 100% atom conversion and completely met the requirements of green chemistry.
Phase behavior
The prepared mixtures were in liquid form when mixing at 80°C. After cooling to room temperature, the mixtures still remained at liquid state instantly. After setting steady for a week, all prepared mixtures were clear liquid without separation of phases or sediment except for [bmpy] [Br]:DES(1) = 2:1 becoming solidified and cloudy white. This phenomenon indicated that when the mixtures were prepared close to the eutectic ratios, the prepared DESs are expected to be steady at room temperature without change of phases.
Thermal properties
The DSC results for the [ Figure 2 , which were taken from the second cooling cycles of the DSC runs ( Figure S1 - Figure S7 in Supplementary Material). There were no major peaks (e.g. melting or crystallizing peak) observed except for a stage at around -25°C for each sample, which is the glass transition stage. T g was determined by the midpoint method, the middle of the step measured as half the step height. A summary of T g is shown in Table 1 . As the temperature differences were within 3°C, which could be considered as errors, there were no statistically significant temperature differences among the DES in different ratios. However, in the DSC curves of [bmpy] [Br] ( Figure S8 ), there were endothermal peak events observed. The disappearance of the endothermal peaks indicated the formation of the hydrogen bonding interactions. In some cases, an endothermal peak with an onset temperature recognized as the eutectic temperature could be observed in the DSC curves. Morrison et al. [41] observed an endotherm onset temperature of 17°C in the DSC curve of ChCl and urea at 1:2 molar ratio, which is similar to the previously reported data by naked eyes observation [42] . However, the DSC curves of malonic acid and ChCl eutectic mixture showed no thermal events except for the shift in base line at above -50°C [41] . The lack of the nucleation of malonic acid and ChCl system was considered to prohibit the appearance of the expected peak events. More examples with T g without melting peaks in the DSC curves were shown in a mini review by Francisco et al. [5] . For the liquid mixtures with no melting peaks observed but lower T g obtained, Francisco et al. [43] also suggested to name them as LTTMs instead of DESs.
The thermal stability of the DES was studied based on the TGA results, which are shown in Figure 3 . There was only one single decreasing stage for each sample, which decreased from mass fraction of 1.0 to 0. Generally, the prepared DESs are stable up to nearly 200°C, which is similar to some published study [44] . The 10% weight loss temperature of each sample is summarized and shown in Figure 4 . 
Viscosity
The dynamic viscosities (η) of BDES and TDES were measured in the range of 5°C-80°C with an interval of 5°C. The current spindle could accurately measure (0.2-6000 cP), so the numbers read from the instrument showed large instability when out of range. Therefore, only the viscosity data within the spindle range and stability within ±1% were taken for analysis. With the increase of temperature, the viscosities decreased. For all of the measured viscosities of DESs near room temperature (Table S1-Table  S7 in Supplementary Material), the data were smaller than 500 cP, which is much smaller than the viscosity of Gly (~950 cP). The lowered viscosity of the mixtures compared to the starting composition is another feature of eutectic mixtures [46] . The viscosities of temperature dependence were fitted to the logarithmic form of the Arrhenius model with the assumption that the fluid flow obeys the Arrhenius equation for molecular kinetics, and many ILs and DES(s) were also proved to follow this model [47, 48] .
where η is the dynamic viscosity, η 0 is the coefficient, E η is the activation energy for viscous flow, R is the universal gas constant and T is the temperature in K. Based on this equation, the logarithm of the dynamic viscosity is linear to T −1 , and the activation energy could also be calculated based on the fitting (Figure 5 ), which is shown in Table 2 . The activation energy in the model may differ from different physical sizes, entanglement, or strong interionic interactions [49] . From this table, it is seen that the activation energy of TDES is smaller than that in BDES. It is indicated that the energy barrier that the ions must overcome to move in TDES is smaller than that in BDES.
Density
The density data for [bmpy] [Br]:DES(1) = 2:1 mass ratio was not collected, because the high viscosity of the mixture leads to difficulty in the liquid transfer during the gravity bottle measurement. The density data for other mixtures were collected at room temperature (22°C) and plotted in Figure 6 . For all of the tested DESs, the density lied in the range of 1.27-1.33 g/cm 3 . In a study by Shahbaz et al. [50] , it was concluded that the density of the DESs lies between the densities of the corresponding salt and the hydrogen bond donor. In our case, the density of the prepared BDES and TDES was between Gly (~1.26 g/cm 3 ) and the solids, so our results are consistent with their conclusion. displayed different trend. Overall, the density of the TDES is smaller than that of BDES. From the current density data, the free volume in the TDES is larger than that of BDES, because the density of the TDES is smaller. The large free volume may come from the inhomogeneity of the ions/molecules. In this experiment, there are two kinds of ions and one kind of molecule in the BDES, but there are four kinds of ions and one kind of molecule in the TDES. It is proposed that the inhomogeneity of the ions/molecules leads to different particle sizes and movement directions, and further creates more free volume between each other.
Future work and applications
As novel DESs were prepared in this study, future work may include characterizations of more properties (e.g. refractive index, ionic conductivity, surface tension) to further investigate the new material. From the previous publication, Abbott developed the hole theory [29] for the design of improved DES, which discussed the utilization of the free volume of a liquid. From this point, there is free volume in either BDES or TDES. The prepared TDESs have large free volume, which make it capable for gas sorption or gas storage. The high thermal stability provides better guarantee for the potential high temperature applications.
Conclusions
In this work, BDES and TDES prepared with [bmpy] [Br] were prepared and their physiochemical properties were characterized. The preparation process was green and highly efficient. From the DSC results, no melting peak was observed for the prepared mixtures, and only glass transition temperature (T g ) at around -25°C was observed. The viscosities of the prepared mixtures were also lower than the starting compositions. The lack of the peak events in DSC and lowered viscosity of the mixtures could serve as the evidence of eutectic mixtures formation. The TGA results indicated that the TDES had better thermal stability than the BDES overall. Lower energy barrier for the ions to move and smaller density were also obtained for TDES. It is proposed that more ions/ molecules in the liquid system create more inhomogeneity leading to more free volume in the TDES. The free volume is potentially useful for sorption applications, and the prepared TDES is also suitable for high thermal requirement applications.
